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Abstract—Pheromone produced by the hairpencil glands of interspecific
hybrid- and backcross-generation males from crosses between Heliothis vires-
cens (F.) with H. subflexa (Gn.) was studied. Males of reciprocal F, hybrids,
all of which had hairpencil glands morphologically similar to those of H.
virescens, produced neither the same pheromone blend nor amounts of pher-
omone that were produced by males of H. virescens. Instead, these hybrid
males produced pheromone that was quantitatively and qualitatively similar
to that produced by H. subflexa. Hairpencil gland extracts from males obtained
from backcrossing F, females of either cross to males of H. subflexa were the
same as those of H. subflexa. However, extracts from backcross males of
crosses between F, females and H. virescens were variable. Some extracts
from these backcross males were like those of H. virescens while others were
either like H. subflexa or were intermediate between those of the parent spe-
cies. These results showed that the production of pheromone by the hairpencil
glands of hybrid and backcross males is under the dominant regulation of
autosomal genes of the H. subflexa genome,

Key Words—Hairpencils, sex pheromone, Heliothis, autosomes, sex chro-
mosomes.

INTRODUCTION

Heliothis virescens (F.) and H. subflexa (Gn.) are closely related species of
noctuid moths that can be induced to hybndize in no-choice laboratory condi-
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tions (Laster, 1972; Proshold and LaChance, 1974). However, the two species
are reproductively isolated, and there is no evidence for interspecific hybrid-
ization in nature. Reproductive iselation between the two species is maintained
by both pre- and postmating mechanisms. The principal means by which species
integrity and reproductive isolation are maintained is through the use of highly
specific blends of female produced pheromones (Tingle et al., 1978; Heath et
al., 1991). These pheromones attract males from varying distances and are the
first step in the mating ritual. However, the success of mating depends also
upon female acceptance of courting males.

Among many moth species, acceptance of males by females is mediated
chemically by pheromones released from male hairpencil glands during courtship
(Birch and Hefetz, 1987). Males of H. virescens partially expose genital hair-
pencil glands just prior to landing near a female that is releasing pheromone and
fully expose these structures just prior to copulation (Teal et al., 1981). Exposure
of the hairpencils results in a sudden release of a blend of pheromone compo-
nents in which hexadecan-1-ol and hexadecan-1-ol acetate are present in greatest
amounts {Teal and Tumlinson, 1989). Studies have indicated that effective hair-
pencil exposure is important for reproductive success (Teal et al., 1981; Teal
and Tumlinson, 1989). Similarly, males of H. subflexa expose the genital seg-
ments prior to attempting to copulate with conspecifics (Cibrian-Tovar and
Mitcheli, 1991).

Recent studies have shown that inheritance of the hairpencil glands by
interspecific hybrid and backcross males is controlled by a dominant gene(s) on
the male sex chromosome (Z chromosome) of H. virescens (Teal and Oosten-
dorp, 1993). Thus, all hybrid and any backcross males that obtain one of the
two Z chromosomes from H. virescens have the same type of hairpencil glands
as males of H. virescens because males of Lepidoptera are homogametic and
have two sex chromosomes (denoted ZZ). Given that the hairpencil pheromone
is sex specific and that the structure of the hairpencil glands was regulated by
the chromosomes, we were interested in knowing if the production of pheromone
by these male glands was regulated by sex-linked inheritance or autosomal genes
as reported for pheromone production by females of these hybrids (Klun et al.
1982). The following reports the results of studies in which the amounts and
ratios of hairpencil pheromone present in extracts from hybrid and backcross
males were compared to those present in extracts from males of the parent
species.

METHODS AND MATERIALS

Insect Cultures. Both H. virescens and H. subflexa parent stocks were
obtained as pupae from colonies maintained at our laboratory. The founding
colonies of both species were begun from larvae coliected in fields in Alachua
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County, Florida, in 1986. Interspecific hybridizations were conducted by com-
bining five males of one species with five females of the other species in
500-ml cardboard cartons with screen tops. Three cartons were set up each time
a cross was conducted. Cartons were inspected daily for the presence of larvae.
Approximately equal numbers of larvae from each of the three cartons were
reared individually as described by Teal and Qostendorp (1993). All insects
were held in environmental chambers having a reversed 14:10 (light-dark)
photoperiod at 26°C and 55% relative humidity. Four separate crossing exper-
iments, conducted at different times, were undertaken for each interspecific
cross. Female hybrids from each rearing were backcrossed to males of the parent
species in a similar manner. Thus, all experiments were replicated four times
and hybrid and backcross insects from each crossing experiment were the prog-
eny of at least three matings between different parents. After adult emergence,
males were aged for two to four days prior to use. No males from hybrid or
backcross lines could be used for crossing experiments because of sterility
(Laster, 1972; Proshold and LaChance, 1974; Karpenko and Proshold, 1977).

Hairpencil Gland Excision and Extraction of Pheromone. Studies on the
pheromone produced by males of hybrid and backcross insects were conducted
using insects sampled during the fifth to sixth hours of the second to fourth
scotophase after adult emergence. This time period corresponded to the peak
periods of pheromone production by females of H. virescens and H. subflexa
(Heath et al., 1991; Teal et al., 1993).

Tissue used to obtain extracts included the terminal abdominal segments,
which are normally retracted into the abdomen. These segments, bearing the
hairpencil glands, were exposed by application of pressure to the anterior abdom-
inal segments. The exposed genital segments were then excised and placed into
60 ul of hexane containing 20 ng each of octadecane and nonadecane, internal
standards used for quantitation and calculation of relative retention indices. After
ca. 10 min, the solvent was removed and stored in a clean microvial at —60°C
until analysis. Prior to chemical analysis, the volume of the extracts was reduced
to ca. 5 pl under a stream of nitrogen.

Chemical and Data Analysis. Routine chemical analyses were conducted
by capillary gas chromatography (GC) using Hewlett Packard 5890 GCs equipped
with split/splitless injectors and flame ionization detectors. Capillary columns
used for analysis included both apolar phase (SPB1) and polar phase (Supel-
cowax 10) columns. The fused silica columns were 30 m X 0.25 mm ID and
had a film thickness of 0.25 um. Conditions of chromatography were as follows:
initial oven temperature 60°C, oven temperature increased after 2 min at 30°/
min, final temperature 200°C. Helium was used as the carrier gas at a linear
flow velocity of 18 cm/sec. Individual extracts were injected in the splitless
mode with the injector being purged after 0.5 min. Data were acquired with a
Nelson 3000 data acquisition system and analyzed by using Nelson 2600 soft-
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ware. Quantitative data on the two principal components of the pheromone of
H. virescens, hexadecan-1-ol (16:0H) and hexadecan-1-ol acetate (16:Ac),
were transferred to Lotus 1-2-3 spreadsheets and ratios were calculated. Statis-
tical analyses were performed on these data using NCSS statistical software.
For the purposes of this study, we considered the ratio of components in extracts
obtained from hybrid and backcross males to be like H. virescens if the ratio of
16: AC to 16:OH was 3.5:1 or greater or to be like H. subflexa if the ratio
was 1:1 or less. Extracts containing more than a total of 125 ng of pheromone
were considered to be like H. virescens and those containing less than 10 ng
were considered to be like H. subflexa. All other values were considered to be
intermediate between the two species.

Mass spectral analyses were used to confirm the identities of compounds
present in extracts obtained from hairpencil glands of the parent species and in
samples selected at random from hybrid and backcross insects. A Nermag R1010
MS operated in the chemical ionization mode (methane reagent gas) and inter-
faced to a Hewlett Packard 5790 GC was used. The SPBI column used for
GC-MS studies was operated as described above.

RESULTS AND DISCUSSION

Parent Species. Extracts of the hairpencil glands from individual males of
H. virescens analyzed during the present study showed that 16:Ac and 16:OH
were the principal components of the pheromone, confirming previous findings
(Teal and Tumlinson, 1989). The mean amount of 16: Ac was 286.1 ng (SE =
24.84, N = 15, max = 430.5 ng, min = 128.4 ng) and for 16:OH was 70.4
ng (SE = 8.89, N = 15, max = 127.64 ng, min = 17.5 ng, mean ratio Ac: OH
= 4:1). These values were also in agreement with those of earlier work (Teal
and Tumlinson, 1989).

Analysis of extracts of the terminal abdominal segments of males of H.
subflexa did not reveal the presence of any compounds that were unique to this
species. Minute amounts of 16:OH (mean = 1.36 ng, SE = 0.36) were found
in 18 of the 50 extracts analyzed by GC. Data supporting the presence of 16: OH
was obtained from GC-MS analysis of an extract of 15 glands on the basis of
retention time and selected ion monitoring using major ions determined from
analysis of synthetic 16:OH (m/z 242 = M, 241 = M-1 (parent ion), 225 =
(M+1)-18, 224 = M-18). Only six of the 50 samples contained detectable
amounts of 16: Ac (mean = (.39 ng, SE = 0.28) and the presence of the acetate
could not be confirmed by GC-MS. The maximum amount of 16:AC plus
16:OH found in an individual extract was 7.3 ng (3.1 ng 16: Ac plus 4.2 ng
16:OH).

F, Hybrids. Extracts of the hairpencil glands from both of the hybrid lines
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contained small amounts of pheromone. The mean amounts of 16: Ac and 16: OH
for H. subflexa female X H. virescens male (S line) males were 0.8 ng (SE =
0.13, N = 125), and 3.17 ng (SE = 0.29, N = 125) and for H. virescens
female X H. subflexa male (V line) males were 1.01 ng (SE = 0.20, N = 102)
and 3.76 ng (SE = 0.35, N = 102), respectively (Figure 1). Neither the mean
total amounts of 16:0H plus 16: Ac nor the mean amounts of the individual
compounds present in extracts from either hybrid line were greater than that of
H. subflexa (Fisher’s LSD, P = 0.05). Similarly, the mean ratios of 16:OH to
16: Ac for the hybrid groups were the same as that of H. subflexa. Although
four extracts from V line males and six extracts from S line males contained
more 16: Ac than 16:OH, the ratios from these individual extracts were not
different from the highest ratio of 16:Ac to 16:0OH (3.1 t0 4.2, 16:Ac to
16:OH) found in an individual extract from H. subflexa (x>, P = 0.05).
These data indicate that both the blend and amounts of 16: Ac and 16: OH
present in hairpencil glands were the same as that present in extracts of H.
subflexa. Therefore, although the presence and structure of the hairpencil glands
are regulated by dominant genes on the Z chromosome of H. virescens (Teal
and QOostendorp, 1993), the male sex chromosome (Z chromosome} of this
species does not exert a dominant effect on pheromone production. Although
the data implied that regulation of both the amount and ratio of pheromone
components produced by hybrids is controlled by dominant genes in the H.
subflexa genome, we could not determine if the genes were sex linked or auto-
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Fic. 1. Comparison of mean amounts (+SE) and ratios of 16: Ac and 16:OH present
in extracts obtained from hairpencil glands of males of S line F; (N = 125) and V line
F, hybrids (N = 102) with those found in extracts from males of H. virescens and H.
subflexa.



64 TEAL AND OOSTENDORP

somal because males of Lepidoptera are homogametic and the hybrid males
obtained a Z chromosome from each of the parent species (Table 1).

Backcross 1 Generations. Extracts of males obtained from backcrossing
hybrid V line F, females to H. subflexa (V line female X H. subflexa male =
VA line) or S line F, females to H. subflexa (S line female X H. subflexa male
= SD line) contained the same amounts and ratios of 16:0OH and 16: Ac as
those obtained from H. subflexa males (Figure 2, Table 1). These results were
expected because the chromosomal make up of both hybrid lines was either the
same as that of the F| males or males of H. subflexa (Table 1). Although these
results confirmed that production of 16: OH and 16: Ac was regulated by dom-
inant genes in the H. subflexa genome, they did not indicate if the genes were
sex linked.

Extracts obtained from males of backcrosses between V line females and
H. virescens males (VB line) contained variable amounts of 16: Ac and 16:OH
(N = 75) (Figure 2, Table 1). Only six of the extracts contained combined
amounts of the two compounds that were greater than 100 ng. These males were
considered to be able to produce as much pheromone as males of H. virescens.
Seven of the extracts contained amounts equivalent to those from H. subflexa.

TaBLE |. EFFECT OF HYBRIDIZATION AND BACKCROSSING ON RaTio AND TOTAL
AMOUNT OF PHEROMONE IN EXTRACTS OF HAIRPENCIL GLANDS OF MALES?

Phenotypes if Observed

sex linked, Observed phenotypes for

Male sex H. subflexa phenotypes for ratio of 16: Ac
Insect line chromosomes” dominant total amount and 16:OH
Parent, H. virescens ZvZv all V type all V type all V type
Parent, H. subflexa ZsZs all S type all S type all S type
S line hybrid ZvZs all S type 125 S type 125 S type
V line hybrid ZvZs all S type 102 S type 102 S type
BC1 SC line YAYAY all V type 17V type” 12 V type”
39 1 type 34 1 type
6 S type 16 S type
BC1 SD line ZvZs all § 1ype 35 S type 35 S type
BC1 VA line ZsZs all 8 type 30 S type 30 S type
BCI1 VB line ZvZs all § type 6V type" 13 V type”
62 I type 36 1 type
7 S type 26 S type

“Phenotype designations are: V = H. virescens type, S = H. subflexa type, 1 = intermediate
between parental types.

"Zv = H. virescens Z chromosome, Zs = H. subflexa Z chromosome.

“There is a difference in these cells between the observed frequency and the frequency expected if
the trait were linked to the Z sex chromosome.
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FiG. 2. Mean amounts (+SE) and ratios of 16: Ac and 16: OH present in extracts ob-
tained from hairpencil glands of VA line (¥ = 30), SD line (¥ = 35), VB line (N =
75), and SC line (N = 62) backcross 1 generation males.

The remaining 62 extracts contained amounts of these two components that were
intermediate between those of H. subflexa and H. virescens.

Thirteen of the extracts from VB line males contained a 16: Ac to 16:OH
ratio similar to that of H. virescens (i.e., 4:1) and of these, five contained total
amounts greater than 100 ng, while the remaining eight had intermediate amounts
of pheromone. Twenty-six extracts contained the same ratio of 16: Acto 16: OH
that was found in H. subflexa. The remaining 36 extracts contained ratios of
16: Ac to 16: OH that were intermediate between those of the parent species.

The data obtained from VB line backcross males indicated that genes
responsible for the regulation of production of both amounts of 16: Ac and
16: OH and ratios of these compounds were not sex linked. The V line hybrid
females obtained their Z chromosome from H. subflexa. Thus, backcrossing
these females to H. virescens males resulted in male progeny that obtained one
Z chromosome from H. virescens and the other from H. subflexa (Table 1).
These backcross males had the same sex chromosome makeup as V line hybrid
males. If the genes were sex linked, then all of the VB line males should have
produced the same amount and ratio of 16: Ac to 16:OH that was produced by
males of V line hybrids and H. subflexa. However, a significant number of
extracts had amounts and ratios of 16:Ac and 16:OH that were intermediate
between those of the parent species and others were like H. virescens.

Backcrossing S line hybrid females to H. virescens (SC line) resulted in
males (N = 62) that produced both 16:Ac and 16:OH. However, both the
amounts and ratios of the two compounds were variable (Figure 2, Table 1).
Seventeen of the extracts contained combined amounts of 16: Ac and 16:OH
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equivalent to that of H. virescens. Six extracts contained amounts as low as
those present in H. subflexa extracts, and the remaining 39 contained interme-
diate amounts of pheromone.

Extracts of 12 SC line males contained the same ratio of 16: Ac to 16:OH
as was present in males of H. virescens and, of these, seven had as much
pheromone as H. virescens (Table 1). Another group of 16 extracts contained
a ratio of 16:Ac to 16:OH that was like H. subflexa. The remaining 34 were
intermediate between the two parental ratios.

If the genes regulating the ratio and amount of pheromone were sex linked,
then all SC line males should have been identical to H. virescens because SC
line males obtained both of their Z chromosomes from H. virescens (Table 1).
However, as occurred with extracts from VB line males, a large number of
extracts contained intermediate amounts and ratios of the two components. Addi-
tionally other extracts were the same as extracts from males of H. subflexa.
Therefore, the regulation of both the ratio and amounts of 16: Ac and 16: OH
produced by the hairpencil glands of interspecific hybrid and backcross males
is controlled by autosomal genes. Additionally, the data from analyses of extracts
of both the VB and SC line backcross males show that more than one gene is
responsible for regulation of each trait. If single genes were responsibie for
regulating either trait, then 50% of the populations of males from backcrossing
females of either hybrid line to H. virescens should have been like this species
and the other half should have been like H. subflexa. However, approximately
50% of the males from both VB and SC backcross lines were intermediate for
both traits (Table 1).

These results, coupled with those from other studies on the regulation of
the pheromone-mediated biology of interspecific hybrids between H. virescens
and H. subflexa, indicate that different aspects of the communication system are
regulated in different ways. For example, studies on the sex pheromones pro-
duced by female hybrids from crosses between H. subflexa females and H.
virescens males showed that these females produced the same blend of phero-
mone components as do females of H. virescens (Klun et al., 1982). This
indicates that the regulation of pheromone production by females of this hybrid
line appears to be under the dominant regulation of the H. virescens genome
(Klun et al., 1982). Similarly, both the presence and structure of the male H.
virescens-type hairpencil glands are dominantly regulated by the H. virescens
genome (Teal and Oostendorp, 1993). However, in this case, the genes reside
on the Z sex chromosome, whereas genes controlling production of the female
pheromone are autosomal. The results of this study show that the production of
the male hairpencil pheromone in hybrids is under the dominant regulation of
autosomal genes of H. subflexa. These results, in conjunction with previously
published work on Heliothis, demonstrate that control of the pheromone com-
munication system in Heliothis moths is regulated by a complex genetic system
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and support the hypothesis that genes controlling different aspects of the system
are not closely linked and are inherited independently in Lepidoptera (Lofstedt
et al., 1989).
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